Oocytes undergo a range of complex processes via oogenesis, maturation, fertilization, and early embryonic development, eventually giving rise to a fully functioning organism. To understand proteome composition and diversity during maturation of human oocytes, here we have addressed crucial aspects of oocyte collection and proteome analysis, resulting in the first proteome and secretome maps of human oocytes. Starting from 100 oocytes collected via a novel serum-free hanging drop culture system, we identified 2,154 proteins, whose function indicate that oocytes are largely resting cells with a proteome that is tailored for homeostasis, cellular attachment, and interaction with its environment via secretory factors. 
fetal development, arrest for a long period of time, and become recruited from the resting to the growing pool for final maturation and fertilization. Before resumption of maturation, oocytes undergo extensive growth, which is accompanied by high transcription rate, while fully matured oocytes become transcriptionally silenced (1, 2) . Various studies have investigated gene expression programs in human oocytes (3) (4) (5) (6) (7) , yet the characterization of translation into functional protein products at different stages of oocyte growth and maturation remains poorly understood. During oocyte growth, many maternally transcribed mRNAs can be stored dispersed throughout the cytoplasm or in localized messenger ribonucleoprotein complexes in a translationally silent state (8) . Tight translational control of these transcripts is crucial for properly timed oocyte development and maturation (9) until zygotic genome activation (10) . In general, this is achieved by modulating mRNA polyadenylation where translation is suppressed by poly-adenylation and activated by deadenylation to induce development and meiosis (11) (12) (13) . Recent data have shown that translation of a subset of oocyte mRNAs that are critical for early embryo development are also under the control of surrounding follicular (granulosa) cell inputs (14) , but the signals are still poorly understood.
Oocytes are among the largest cells in many animals, although their size differs between species. Oocytes in Xenopus laevis are 1-1.3 mm in diameter and are visible even by the naked eye, while mammalian oocytes are 1,000-fold smaller with diameters of 50 -120 m. Because of their size and accessibility, Xenopus oocytes have been an attractive model in developmental biology that is tractable by many techniques, including proteomics (15) . Proteomics of mammalian oocytes is more challenging, requiring large numbers of cells as has been done for mouse, cow, and pig (16) . For example, several thousands of oocytes were required for the profiling of mouse oocytes across several maturation stages (17, 18) . Human oocytes have so far remained inaccessible for proteomic studies because of their small size compared with Xenopus and since they can only be collected in small numbers in a time-consuming process. This makes it practically impossible to collect the hundreds or thousands of oocytes that have been used to investigate similarly sized mouse oocytes. To solve this issue, the only possibility would be to increase sensitivity of the used technology to study these cells in smaller numbers or even individually. Assuming a sphere with a diameter of 100 m and an intracellular protein concentration of 200g/l (19) , a single human oocyte has an estimated protein content of 100 ng, a number that correlates well with previous estimates (20, 21) . Such a low amount of starting material presents an enormous challenge for proteomics, considering that the analysis of complex proteomes by LC-MS typically requires 100 -500 ng of protein to be loaded on column. Therefore, the true challenge of obtaining proteome data from a single human oocyte resides in the efficient extraction, purification, and digestion of the 100 ng protein it contains, with only minimal losses. Xenopus oocytes are three orders of magnitude larger than human oocytes containing ϳ100 g protein per oocyte (22) , which is well within the manageable range of present-day proteomic technologies. This has enabled several groups to study frog oocyte proteomes in detail (15, 23, 24) even at the single-cell level (25, 26) .
In the current study, we aimed to characterize the human oocyte proteome and secretome to identify proteins that underlie oocyte maturation. In addition, we aimed to investigate whether single-cell proteomics is possible for human oocytes, benefiting from a novel protocol for sample preparation, SP3, which we introduced recently for low-input proteomics (27) . In an initial experiment from 100 oocytes collected via a newly developed hanging drop culture system we identified over 2,100 proteins and more than 300 in their secretome, including 158 that had not been identified in other cell types and thus may have an oocyte-specific function. Application of SP3, a recently developed sample preparation method for low-input proteomics, allowed us to scale down proteome analysis identifying ϳ500 proteins in single oocytes. Comparative analysis of individual mature and immature cells showed differential expression of proteins involved in DNA replication and genome integrity. This demonstrates the feasibility of quantitative single-cell proteomics that should provide a unique opportunity to gain insight in human oocyte biology and fertility.
EXPERIMENTAL PROCEDURES
Collection of Oocytes-This research was approved by Slovenian Medical Ethical Committee (Ministry of Health, Republic of Slovenia) and the local Ethical Committee of the European Molecular Biology Laboratory, Heidelberg, Germany. Oocytes were collected from the in vitro fertilization program at the University Medical Centre Ljubljana with informed consent by donors. We included the oocytes that would be otherwise discarded in daily medical practice: immature (GV or MI) oocytes that cannot be fertilized and mature (MII) oocytes that did not fertilize in vitro. Immature oocytes were collected on days 0 or 1 (after ultrasound-guided aspiration of follicles and enzymatic denudation of cumulus cells using hyaluronidase or at checking for fertilization) and mature, nonfertilized oocytes on day 2 (one day after checking for fertilization) of in vitro fertilization procedure. All oocytes were collected without cumulus (granulosa) cells.
Culture of Oocytes-The oocytes were cultured in the conventional IVF culture system or in a hanging drop culture system. For conventional IVF culture, the oocytes were prepared in a closed system in covered plastic and sterile four well-dishes (Thermo Scientific, Nunc TM 4-Well Dish, cat. no. 144444) with 0.5 ml of Universal IVF Medium containing glucose, sodium pyruvate, calcium chloride, magnesium sulfate, potassium chloride, sodium chloride, sodium bicarbonate, sodium phosphate, gentamicin sulfate, human albumin solution, SSR® (Synthetic Serum Replacement), and Milli RX Water (Origio, Denmark) per well. For the hanging drop culture system, each oocyte was transferred into 8 l droplet of sterile DMEM/F12 (Dulbecco's Modified Eagle's Medium/Nutrient Mixture F-12 Ham, Sigma-Aldrich, D8900) supplemented with NaHCO 3 : 0.74 g/200 ml and penicillin (2 ml/200 ml) and with pH adjusted to 7.4 using NaOH in the cover of a plastic and sterile Petri dish (diameter 35 ϫ 10 mm; Thermo Scientific, Nunc TC Petri Dish, cat. no. 153066). The cover was then inverted and put on top of the dish itself that was filled with 3 ml of sterile PBS to prevent the droplet from evaporation. The oocyte was incubated overnight in this culture system in a CO 2 -incubator (37°C and 6% CO 2 in air). Up to five oocytes were cultured in one hanging droplet. Individual cells were monitored microscopically before and after the overnight incubation, and the cells that showed signs of degeneration (brown or degraded cytoplasm) were excluded (ϳ15%). For secretome analyses, the corresponding droplets of culture medium after hanging drop culture were collected and analyzed. Cells and their secretomes were stored at Ϫ20°C until proteome analysis.
Sampling of Oocytes after Hanging Drop or Conventional IVF Culture-Each oocyte was washed four times and denuded by transfer from one droplet of PBS to another by a denudation pipette (diameter 0.134 -0.145 mm; Swemed by Vitrolife, ref. 14301) and at the end transferred into a small microcentrifuge tube in a minimal volume of PBS; the tube was centrifuged in a microcentrifuge 3 min at 5,590 ϫ g and then stored at Ϫ20°C. This was continued until the desired number of cells had been collected. After oocyte culturing in a hanging drop culture system, each corresponding droplet of culture medium was directly transferred into a microcentrifuge tube and stored at Ϫ20°C. All samples were collected step by step, and several microcentrifuge tubes were combined into a sample.
Oocyte Immunocytochemistry-Fresh immature and mature oocytes were fixed in 4% formaldehyde for 10 min, washed two times in PBS, permeabilized with 0.3% Triton X-100 for 10 min, washed two times in PBS, and incubated in 10% fetal bovine serum (FBS) for 20 min. Then the nonwashed oocytes were transferred into the solution of primary antibodies and were incubated for 1 h. Thereafter, the oocytes were washed five times in PBS and transferred into the solution of secondary antibodies and incubated for 30 min. The oocytes were then washed five times in PBS and transferred into a drop of Vectashield mounting medium (Vector Laboratories, HI-1200) with DAPI. After 15 min, cells were covered by a coverslip and monitored by fluorescence microscopy (Nikon DS-Fi1 equipped by Nikon Digital.Sight camera). For a negative control, the primary antibodies were omitted. The whole procedure was performed at room temperature, and during all incubations, the oocytes were in the dark. Proteomic Sample Preparation-Collections of 100 oocytes were lysed in 50 mM HEPES buffer at pH 8.5 (Sigma) containing 0.1% Rapigest (Waters), and proteins were TCA precipitated. After resolubilization, proteolysis was carried out overnight at 37°C with a mixture of trypsin and rLysC (Promega) at an enzyme to substrate ratio of 1:25.
Samples containing 10, 5, or single oocytes were processed via SP3, a single-tube method utilizing magnetic beads for unbiased protein and peptide capture and recovery as described previously (27) . Briefly, oocytes were lysed in 2% SDS (Bio-Rad), 1X cOmplete Protease Inhibitor Mixture-EDTA (Roche), 5 mM EDTA, 5 mM EGTA, 10 mM NaOH, and 10 mM DTT, in 10 mM HEPES buffer at pH 8.5 (Sigma). After heating at 99°C for 10 min followed by another 10 min in the Biorupter (prewarmed, high level), proteins were reduced (adding 5 l of 200 mM DTT (Bio-Rad) per 100 l of lysate) and alkylated (addition of 10 l of 400 mM iodoacetamide (IAA) per 100 l of lysate). The sample was acidified with formic acid (pH 2), SeraMag paramagnetic beads (Thermo Scientific) were added (1:100 v/v), and protein binding was induced by addition of acetonitrile (50% final concentration). After incubation on a magnetic rack, the supernatant was discarded, and beads were sequentially rinsed with 200 l of 70% absolute ethanol and 180 l of 100% acetonitrile, thereby removing SDS. Rinsed beads were then eluted off the beads in 5 l of 50 mM HEPES, pH 8. A mixture of trypsin and rLysC (Promega) was added (1:25 enzyme to substrate ratio) for digestion overnight at 37°C. For subsequent peptide clean-up and recovery, 100% acetonitrile was added to achieve a final concentration Ͼ95%. While on the magnetic rack, the supernatant was discarded, and the beads rinsed with 180 l of 100% acetonitrile. Peptides were eluted in water containing 2% dimethyl sulfoxide, acidified with formic acid, and analyzed by LC-MSMS. Optionally, peptides were isotope-labeled via reductive methylation within the SP3-workflow as previously described (27) .
Liquid Chromatography-Tandem MS (LC-MSMS)-Peptides were analyzed by liquid chromatography (LC) coupled to an Orbitrap Velos Pro mass spectrometer (Thermo Fisher Scientific) using a Proxeon nanospray source. Reverse phase chromatography was performed with a nanoACQUITY Ultra-Performance LC system (Waters) fitted with a trapping column (nanoAcquity Symmetry C18, 5 m, 180 m ϫ 20 mm) and an analytical column (nanoAcquity BEH C18, 1.7 m, 75 m ϫ 200 mm) directly coupled to the ion source. The mobile phases for LC separation were 0.1% (v/v) formic acid in LC-MS-grade water (solvent A) and 0.1% (v/v) formic acid in can (solvent B). Peptides were separated at a constant flow rate of 300 nl/min with a linear gradient of solvent B from 3 to 40% for 145 min. The MS1 scan was acquired in the Orbitrap from m/z 300 to 1,700 at a maximum filling time of 500 ms and 106 ions. The resolution was set to 30,000. Fragmentation was performed in the LTQ by collision-induced dissociation, selecting up to 15 most intense ions (top15) at an isolation window of 2 Da. Target ions previously selected for fragmentation were dynamically excluded for 30 s with relative mass window of 10 ppm. MS/MS selection threshold was set to 2,000 ion counts. A lock mass correction was applied using a background ion (m/z 445.12003). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD004142.
Experimental Design and Statistical Rationale-Oocytes were collected and classified by maturation stage (GV or MII) and prepared for proteome analysis in pools of 100, 10, 5, or single cells. Comparison of mature and immature cells was performed both with and without the use of stable isotopes for protein quantification, depending on the experiment as described in the results section. In both cases, raw LC-MS files were processed with MaxQuant (28) version 1.3.0.5 and the Andromeda search engine (29) . The MS/MS spectra were searched against the Human UniProt database (downloaded on June 21, 2011) containing 69,906 forward sequences that was appended to the same number of reverse sequences and 265 common contaminants. The precursor mass tolerance was set to 20 ppm for the first pass and 6 ppm for the second pass. The fragment mass tolerance was 0.5 Da. Unique-and razor peptides were used for quantification, using only unmodified peptides. Cysteine carbamidomethylation and methionine oxidation were set as fixed and variable modification, respectively. The minimum peptide length was set to six amino acids, the enzyme specificity was set to trypsin/P, the maximum allowed miss-cleavage was set to 2, and the false discovery rate was set to 0.01 for both peptide and protein identifications. Requantification and match between runs were also performed unless stated otherwise. The protein identification was reported as a "protein group" if no unique peptide sequence to a single database entry was identified. Protein abundance was estimated from iBAQ values (30) and labelfree quantification (LFQ) (31), performed within MaxQuant. Proteins were considered differentially expressed when showing a LFQ fold change larger than 2.5 times the standard deviation. Prior secretion evidence was considered confirmed for proteins with the UniProt keyword "Signal" or "Secreted" or reaching the significance threshold in Signal P4.0 (32) . Protein functional annotation and pathway anal-ysis was performed using the database for annotation, visualization and integrated discovery (DAVID) Bioinformatics Resources 6.7 (33) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (34) . To elucidate oocyte-specific proteins, the human oocyte proteome retrieved in this study was compared with exhaustive proteomes of other cell types reported in the literature.
RESULTS

Proteome Analysis of Human Oocytes from a Hanging Drop
Culture System-For an initial proteome analysis, we collected 100 mature (MII stage) and 100 immature (GV stage) human oocytes that would otherwise be discarded in the in vitro fertilization program. Oocytes were incubated in IVF media as is usually done for in vitro fertilization (Fig. 1A) , washed, and processed for analysis by LC-MSMS, identifying ϳ1,100 proteins in both maturation states (Table S1 ). To increase proteome coverage and to facilitate future secretome analysis, we utilized a hanging drop culture system incubating oocytes in a small volume (8 l) of DMEM/F12 medium devoid of albumin or other proteinaceous constituents (Fig. 1B) . From 100 mature and 100 immature cells (Fig.  S1 ) analyzed in technical replicate LC-MSMS runs, greater than 2,100 proteins were identified (Table S1 ) the majority of which are contained in the data set obtained under IVF conditions (Fig. S2) . The proteins exclusively identified from hanging drops are present at a lower abundance as judged from iBAQ values, (Fig. 1C) , indicating an increased sampling depth collectively spanning six orders of magnitude.
Functional Annotation of the Human Oocyte Proteome in Comparison to Cell Lines from Different Human Tissues and
Organs-In the combined data sets obtained from oocytes grown in IVF and hanging drop conditions, we identified 2,154 proteins (Table S1 ) that we used collectively for a more detailed exploration of the oocyte proteome. Beyond performing a gene ontology enrichment analysis, we compared our data to proteomic data sets of various other cell types to gain insight in 1) biological processes that distinguish oocytes from other cells and 2) individual proteins that are uniquely or preferentially expressed in oocytes.
To answer the first question, we realized that the 2,154 identified proteins represent a reasonable fraction of the oocyte proteome but also that its overall depth is limited compared with other proteomes obtained from cell types that can be collected in much larger quantities. We reasoned that a comparison between such disparate data sets may still be informative by exploiting the relative protein abundance in the respective data sets, estimated from iBAQ values. Specifically, the comparison of the 2,154 oocyte proteins (representing the most abundant proteins of the proteome) to the same number of the most highly expressed proteins in another cell type should reveal the biological functionalities that are most critical for each of the cell types. To investigate this, we compiled a reference proteome obtained from an exhaustive proteomic data set (11,731 proteins) accrued from 11 distinct cell lines of various origins (35) . Specifically, we selected the 2,154 most abundant proteins estimated from the summed iBAQ intensities across these cell lines, thus creating an "average" cellular proteome that we refer to here as the reference proteome (Table S2 ). Strikingly, only 1,105 proteins were shared between the oocyte and the reference, while ϳ1,000 were unique for each of them (Table S2) , indicating a drastic difference in the protein composition in the upper segments of the respective proteomes. Interestingly, of the oocyte proteins falling outside the top 2,154 in the reference proteome, 784 proteins ranked between position 2,200 and 9,800 based on iBAQ values, while 284 were not identified at all in the reference proteome (Fig. S3) . In a comparative gene ontology (GO)-analysis of the proteins that were specific for either proteome subset, several functionalities stood out that were enriched in oocytes (Fig. 2, Table S3 ). This included vesiclemediated transport (68 proteins) and 135 proteins classified in the extracellular region, suggesting that secretion and communication with the cellular environment is of crucial importance for oocytes. This is further hinted by the expression of 48 cell adhesion proteins that were absent or lowly expressed in the 11 cell lines, including various extracellular matrix proteins (e.g. JUP, LOXL2, ICAM1, ACE, CDH2, CD99), integrins (ITGA1, ITGAV, ITGAE, ITGA9) and focal adhesion proteins (e.g. LIMA1, PAK1, TES). It was striking to note that several ontology groups related to cellular defense and homeostasis were enriched in oocytes ("homeostatic process," "response to wounding," "response to organic substance," "defense response"), reflecting a reactive cellular phenotype and suggesting a main function in maintaining a steady state.
Several functional classes related to lipid transport and metabolism were enriched in oocytes, collectively including 41 lipid-binding proteins that were not present in the reference proteome (Table S3) . Specifically, these comprised 28 and 24 proteins in lipid biosynthetic and catabolic processes, respectively, in line with the recognized role of fatty acid utilization for the promotion of oocyte quality (36, 37) .
In addition, 32 oocyte-enriched proteins were grouped in the GO-classes "sexual reproduction" and "fertilization" that were not identified in the reference proteome, including ZP1-ZP4 (constituting the zona pellucida), CD9 (involved in spermegg recognition and fusion), BMP15 and GDF9 (oocytespecific growth factors required for follicle development), HENMT1 (methyltransferase to stabilize piRNAs, essential for gametogenesis), BCL2L10 (suppressing apoptosis), CHEK1 (required for cell cycle arrest), and PTTG1 (preventing chromosome segregation). Many of these proteins are well-known for their roles in gamete development and maturation.
Of equal interest was the large number (ϳ1,000) of proteins in the reference proteome that were not identified in oocytes (Table S2) . Interestingly, these comprised large groups of proteins involved in RNA processing (204 proteins), transcription (29 proteins), splicing (124 proteins), ribosome biogenesis (68 proteins), cell cycle (77 proteins), and chromatin organization (44 proteins) (Table S3) . Among the cellular components gene ontology cellular component (GO-CC), molecular machineries corresponding with these functionalities were missing in oocytes, including the spliceosome (65 proteins) and the ribosome (74 proteins) as well as usually abundant proteins that are crucial for transcription (e.g. RNA polymerases RNA polymerase (POLR) POLR2A, 2B, 2D, and 2L, as well as several GTF2 general transcription factors). Much of this can be attributed to the fact that oocytes do not have a visible nucleus at this stage of maturation (GV, MII).
Taking these findings together, this analysis shows that oocytes are largely resting cells with a proteome that is tailored to homeostasis, cellular attachment, and interaction via secretory factors. This is in stark contrast to dividing cells represented in the reference panel of 11 cell lines with a proteome targeted at growth and proliferation, where processes like chromatin organization, transcription, splicing, and translation are prominently represented among the most highly expressed proteins while these have remained invisible in oocytes.
Identification of Oocyte-Specific Proteins-Beyond a global description of oocyte-enriched GO-terms, we next aimed to identify individual proteins that are uniquely or preferentially expressed in oocytes. Therefore, we selected several data sets from the literature that have exhaustively characterized the proteomes of cell types distantly or more closely related to oocytes. In addition to the 11 human cancer cell lines mentioned before (11,731 proteins) (35) , these included data on human embryonic stem cells (7,952 proteins) (38) , human sperm (6, 198 
FIG. 2. Gene ontology terms of proteins exclusively identified in oocytes (blue) and in the reference proteome obtained from 11 cell lines and embryonic stem cells (red).
proteins) (40) (Table S4) . We argued that any protein that was identified in our (still rather superficial) analysis (2,154 proteins) but that was not detected in these in-depth studies will make a good candidate to be uniquely or preferentially expressed in oocytes.
When comparing our oocyte proteome to the two largest reference data sets (obtained from 11 cell lines and from embryonic stem cells), 158 proteins were exclusively identified in oocytes (Table S4) . A gene ontology analysis of the ϳ80 proteins within this group that could be mapped to GO terms returned highly similar biological processes as in the previous analysis above (several processes related to reproduction, defense response, response to wound healing, and lipid transport) (Table S5 ). This indicates that even in this much-stricter selection, biological functionalities emerge that are highly intrinsic to and specific for oocytes. In addition, extracellular proteins constitute the only cellular localization that was enriched in this oocyte-specific proteome (46 out of 89 mapped proteins), again emphasizing the importance of secretory proteins for oocytes. These include extracellular matrix proteins (e.g. ZP1-4, ACAN, KAL1), proteases (e.g. ACE, OVCH, ASTL, HTRA1) and protease inhibitors (several SERPINs, ITIH1), likely reflecting their intricate interaction in regulating shedding of cell-surface proteins.
Only half of the 158 proteins in the oocyte-specific proteome produced a sufficiently large group-size to result in an enriched GO-term (Table S5) , thus still masking an equally sized group of individual proteins potentially representing an important biological functionality. This includes many proteins that were identified before in blastocysts and/or mouse oocytes, adding confidence that these indeed have a role to play in human oocytes. For instance, this applies to several maternal effect proteins such as ZAR1 and its paralog ZAR1L (critical for the oocyte-to-embryo transition (41); DPPA3 (required for normal preimplantation development, involved in transcriptional repression, and epigenetic chromatin reprogramming in the zygote (42)); DNMT1 (responsible for maintaining methylation patterns in development (43); TLE6 (important for oocyte developmental competence and embryogenesis (44)); NLRP, OOEP, and PADI6. Other proteins that have only been identified in oocytes are the hormone GPHA2 and the oxytocin carrier protein neurophysin (OXT), as well as KPNA7, an oocyte-specific nuclear importin required for fertility in mice (45, 46) . The most salient findings of these analyses are summarized in Fig. 3 . Several of these have also been detected in blastocysts but were absent in the sperm proteome (Table S4) , supporting their candidacy as oocytespecific proteins. Further evidence for this is provided by Human Proteome Map (www.humanproteomemap.org) where several proteins were not identified in any tissue (e.g. BCL2L10, FOLR4, GPHA2, MUC20, OOEP, OVCH1, OXT, OOSP2, ZP1. ZP3, ZP4), while several others were reported only in a limited number of organs (Fig. S4) . The latter may still be an overestimation since most of these proteins are re- ported as single-peptide identifications, emphasizing that these large-scale data should be used with caution (47, 48) and thus hampering a more systematic analysis of our data based on this resource.
Comparative Proteome Analysis Reveals Human DiseaseRelated Oocyte-Enriched Proteins-The oocyte proteome has been best characterized in mice, identifying ϳ2,700 (17) and ϳ3,600 proteins (18) in GV and MII-oocytes. Strikingly, ϳ600 and 770 of the proteins in our data set had not been identified previously in these respective studies, 470 of which were not found in either of them (Table S4) , suggesting a profound difference in the proteome composition of mouse and human oocytes. A closer inspection revealed that several of the genes encoding these proteins are absent in the mouse genome (Table S6) , demonstrating the importance of the availability of proteome composition of human oocytes. For instance, NLRP7, NLRP11, NLRP13, ECAT1, OVCH1, and even ZP4, a major constituent of the zona pellucida of human oocytes, have no orthologs in mice. Importantly, several of these have been causatively linked to disorders in oocyte development or pregnancy (Table S6 ). This extends to other oocyte-specific proteins, either with (e.g. NLRP5, GDF9, BMP15, ANXA5, DIAPH2, HADHA) or without mouse orthologs (e.g. ATAD3B, ATAD3C, CCNI2), and that have or have not been linked to disease before (Table S6) . Finally, our analyses identified two proteins, LDHAL6A and PIWIL3, that have no mouse ortholog and whose expression is thought to be confined to male germ cells (Table S6 ). While not much is known about LDHAL6A, PIWIL3, a protein involved in piRNA biogenesis, was identified in cows only recently as the first demonstration that PIWIL3 is expressed in oocytes (49) . Therefore, our data are the first to show that PIWIL3 is also present in human oocytes. Identification of PIWIL3 did not result from sperm because it was also identified in immature (GV) oocytes, which have not been exposed to sperm in any way. In addition, the identification of the piRNA methyltransferase HENMT1 seems to suggest that piRNAs in oocytes are stabilized via 3Ј-methylation. ECAT1 (KHDC3L), the epigenetics-related ES cell-associated transcript 1, was only observed in blastocysts (Table S4) , and our data demonstrate the expression of this protein in oocytes for the first time. To further corroborate this, we performed immuno-cytochemistry showing that ECAT1 was concentrated as a ring at the oocyte cortex with a nonhomogenous distribution regardless of oocyte maturity (Fig. S5) . In mature oocytes, it was also concentrated in the region of polar body while in others it was protruded into the zona pellucida. ECAT1 was also expressed in fertilized oocytes (zygotes) not cleaving after an in vitro fertilization procedure (Fig. S5) . These observations complement previous findings associating ECAT1 with biparental complete hydatidiform mole in humans, an abnormal form of pregnancy in which a nonviable fertilized oocyte implants in the uterus and converts a normal pregnancy into an abnormal one and does not come to the term (50 -52) .
Protein Decretion by Oocytes-Our proteome data indicated that protein secretion is one of the most prominently represented processes in oocytes. This is revealed most strikingly by the observation that 424 out of the 2,154 proteins (20%) detected in oocytes can be designated as secretory proteins (i.e. with prior secretion evidence based on the presence of a signal peptide and gene ontology) (Table S1 ). To investigate if any of these could indeed be detected in conditioned media of oocytes, we performed a secretome analysis of 100 oocytes via hanging drops in the absence of serum albumin in the medium. In this oocyte secretome, we identified 383 proteins, 338 of which were not present in the medium prepared in the absence of oocytes (Table S7 ). Of these, 299 were identified both in the oocyte proteome and secretome, while 39 proteins were unique to the secretome (Table  S8 ). The secretome comprised 97 proteins with prior evidence of being secreted, such as GDF9, endoplasmin, CGREF1, ITIH1, ICAM1, and MIF.
Proteins in the secretome span a variety of functionalities (Table S9 ) featuring "proteolysis" as the largest group (39 proteins). Other functionalities among the top-enriched processes reflect functional groups also observed for the total proteome, e.g. cellular homeostasis and several processes related to response and defense to environment. Other interesting proteins in the oocyte secretome include WFDC2 (HE4), a small secretory protein, which has been implied in sperm maturation (53) and which is overexpressed in ovarian cancer (54) . GNPDA1 (OSCILLIN) (55) is involved in oocyte activation and early development of the embryo. Collectively, these data are the first to give direct insight in the proteins secreted by human oocytes, providing a lead to investigate their potential role in the communication with other follicular cells (Fig. S6) .
Proteome Analysis of 10, 5, and Single Oocytes-Given the large effort that is required to collect 100 oocytes for proteome analysis, we wondered if better sensitivity may be obtained benefiting from a novel method for sample preparation that we developed recently (27) . The approach, termed SP3, follows a single-tube protocol using paramagnetic beads and has been proven highly suitable for quantity-limited samples. Therefore, we collected 10, 5, and single oocytes and processed them via SP3 prior to analysis by LC-MSMS.
From 10-and 5-cell pools, we identified 887 and 713 proteins, respectively. Even starting from a single oocyte, we identified 445 proteins (Table S10) . To our knowledge, this represents the first proteome analysis of a single human oocyte or even of any human cell type. Moreover, we believe that the number of identified proteins is surprisingly large considering the very low amount of starting material. When extending this analysis to include data from five additional single oocytes we consistently identified 450 -500 proteins per cell (Table S11 ). Even when deselecting the "match between runs" option in MaxQuant, meaning that each sample was treated individually without transfer of peptide identifications, we identified 400 -450 proteins per oocyte (Table S11) . This implies that proteomes of single oocytes can be obtained independent of any reference but that the number of identifications may benefit from analyzing several in parallel. Importantly, in these samples we were able to identify several proteins related to human reproduction (Tables S10 and S11): steroid biosynthetic process (CYB5R3, FDXR, ACAA2), fertilization (NLRP5, MFGE8, NPM2, OOEP, ZP1, ZP2, ZP3, ZP4), embryo implantation and pregnancy (FKBP4, BSG (Basigin), SOD1), cell cycle and meiosis proteins (SKP1, WEE2, PCNA, CALM2, CUL1, ITPR1, YWHAE, YWHAB, YWHAH, YWHAG, YWHAQ, YWHAZ), and a range of maternal effect proteins (OOEP, TLE6, NLRP5, NPM2, DNMT1). The latter group also included ECAT1, which was identified by multiple peptides even in single oocytes. The fact that many of these proteins are oocyte-enriched indicates that these highly relevant proteins are accessible by single-cell proteomics, afforded by efficient sample preparation via SP3. This may have important implications when applying this technology e.g. for diagnostic purposes.
Comparison of Immature and Mature Oocytes-We examined whether our data could be used to identify differences in protein expression between immature (GV state) and mature oocytes (MII state), either from analysis in bulk or from single oocytes. First, we used label-free quantification (LFQ) values of proteins identified from 100 mature and 100 immature cells (Table S1 ), obtaining very high correlation both in those cultured in IVF and hanging drop conditions (R 2 ϭ 0.86 and 0.89, respectively) (Figs. 4A and 4B ). This indicates the robustness of our approach and suggests that the proteomes of both cell states are very similar. Since the scarcity of samples did not permit us to run biological replicates of 100 cells, we considered the proteins showing a LFQ fold change larger than 2.5 times the standard deviation of the mean both in IVF culture media and in hanging drops, identifying just three proteins that met these criteria. The protein expressed most prominently in MII cells was the oocyte-specific kinase Wee2 that functions to maintain meiotic arrest in GV oocytes and is required for exit from metaphase II. In GV cells the most enriched protein was Tudor and KH domain-containing protein (TDRKH) (Fig. 4) whose primary function is in piRNA biogenesis in germ cells. The other was caprin-2, an RNAbinding protein that was slightly enriched in GV cells. Next, to estimate differential protein expression between the six proteomes of single GV and MII oocytes (Table S11) , we selected proteins that were identified by maximally one peptide across all three cells in one maturation stage, while they were identified by at least two peptides in each of the three cells of the other maturation stage. This selection resulted in TDRKH as the only protein that was increased in GV oocytes and 18 proteins that were higher in the MII stage (Table S12) . Interestingly, the latter included Wee2, as before, but also PCNA, a critical regulator of DNA replication, and its interaction partner DNMT1, the DNA methyltransferase responsible for maintaining DNA methylation during the cell cycle (Fig 4C) . In addition, the interaction partners CKAP5, BUB1B and TACC3, regulating spindle formation and mitotic checkpoint control, were consistently identified in MII oocytes, while they were absent in the GV stage (Table S12) , indicating strict cell cycle control in mature oocytes.
To corroborate these label-free quantification data, we performed proteome quantification by stable isotope labeling. Specifically, we collected three groups of 10 cells each of GV and MII oocytes, which were isotope-labeled via reductive methylation as an integrated step during SP3 sample preparation. Pair-wise comparisons of GV versus MII oocytes resulted in 757 proteins that were identified and quantified in all three biological replicates (Table S13) . Interestingly, Wee2, PCNA, and DNMT1 were among the most enriched proteins in MII oocytes (Fig. 4D) . Again as before, TDRKH was strongly increased in GV cells (Fig. 4D) . Thus, stable isotope labeling as the more robust quantification method validates our singlecell data obtained via label-free quantification. To further investigate these finding we performed immuno-cytochemistry for PCNA and DNMT1 in GV and MII oocytes. PCNA was clearly visible across the entire oocyte in both maturation stages (Fig. 5A ). DNMT1 localizes tightly around the nucleus in GV oocytes, while it evenly spreads throughout the cytoplasm in the MII stage (Fig. 5B) . Although protein expression levels cannot be estimated from these experiments, the redistribution of DNMT1 suggests its dynamic involvement in the maturation process. When analyzing parthenogenetic embryos, representing the next maturation stage, we observed strong staining of DNMT1 with the highest density around the nucleus (Fig. 5B) . This is in line with the increased expression of DNMT1 during maturation as suggested by single-oocyte proteomics. Collectively, our data identify TDRKH, Wee2, PCNA, and DNMT1 as maturation-specific proteins that can be identified and quantified in single oocytes due to highly efficient sample preparation via SP3.
DISCUSSION
In this study, we optimized the procedure for collecting human oocytes for proteome analysis and used SP3 as a novel sample preparation method to scale down proteome analysis to single oocytes. This not only generated the first single-cell proteome of a human cell but also identified proteins that are differentially expressed in mature and immature oocytes. In addition, we analyzed the secretome of human oocytes for the first time, extending our proteome data that indicated protein secretion as a prominent biological process in oocytes.
Using the hanging drop system, we identified 2,154 different proteins from pools of 100 human oocytes. Global gene ontology analysis revealed that oocytes express a repertoire of proteins focusing on cellular homeostasis and secretion, along with a specific subproteome involved in fertilization and reproduction. Of particular interest is the relatively large proportion of 158 oocyte-enriched proteins that had not been observed in other proteomes and that may thus fulfill important roles in sustaining oocyte functionality. For example, the epigenetics-related protein ES cell-associated transcript 1 (ECAT1/KHDC3L) identified here is known to be expressed in blastocysts (40) and thus supports the sole report on the expression of gene ECAT1 (C6orf221) in human oocytes (51) . Its high importance for early human development is indicated by the association of mutated ECAT1 with recurrent biparen- tal complete hydatidiform mole, an abnormal form of pregnancy where a nonviable fertilized oocyte implants in the uterus that does not come to the term (50 -52) . Other functional groups that likely sustain oocyte-specific processes include proteins involved in lipid metabolism, in line with the recognition that fatty acid utilization promotes oocyte quality (36, 37) . The extended repertoire of oocyte-enriched proteins identified here may provide a lead toward a panel of markers indicating oocyte quality.
We consistently identified ϳ450 proteins in single oocytes, which in itself reflects a significant technological advancement considering the very small amount of starting material. Oocytes have a diameter of 100 m, corresponding to a volume of 0.5E6 m 3 and an estimated protein content of 100 ng (20, 21) . By comparison, the volume of a HeLa cell has been estimated between 1,000 -5,000 m 3 (56, 57) , i.e. one oocyte corresponds to 100 -500 HeLa cells. In contrast, Xenopus oocytes are 1 mm in diameter and are thus 1,000x bigger in size and protein content than human oocytes. Therefore, previous proteomic studies on Xenopus oocytes have benefited from the large cell size to operate at the single-cell level (25, 26) without being severely limited by protein amount.
As a result, our study marks an important step forward in oocyte biology. Especially the identification of many oocytespecific and proteins that have been associated with fertilityrelated disorders implies that single-cell proteomics may be highly informative to monitor oocyte quality in a personalized manner. In addition, by label-free quantification, we identified Wee2, DNMT1, and PCNA to be preferentially expressed in MII-stage oocytes. The close functional and physical interaction between these proteins to control DNA replication strongly suggests that maintaining genome integrity is crucial in MII oocytes. The finding that TDRKH was highly expressed in GV oocytes is interesting from the perspective that PIWIL3, another protein in the piRNA biogenesis pathway, was identified in human oocytes for the first time. This not only indicates that piRNA biogenesis is operational in human oocytes but also that this process is regulated especially at the GV stage. Added to the notion that piRNAs have an established role in the protection against transposon-mediated genomic rearrangements (58), this may spark future studies focusing on the exact timing and mechanism of this process in oocytes.
At the same time, the wider implication of our study is that many other rare biological specimen may now come within reach for effective proteomic interrogation. Many examples exist, ranging from FACS-sorted cell populations to a large diversity of clinical samples. Importantly, the message of our study is that one of the main bottle necks in analyzing such samples is in sample preparation. Among the key characteristics contributing to the power of SP3 are the compatibility with buffers for protein extraction, efficiency in capturing proteins and peptides, and short incubation steps all in a single vessel. SP3-mediated sample preparation may not only be beneficial for proteomic approaches using liquid chromatography for peptide separation but also for capillary electrophoresis-based platforms that have shown excellent performance in subsequent MS-detection of samples in the ϳ20 ng range (59) . We wish to emphasize that after SP3 we analyzed samples via LC-MS using modern (Orbitrap velos, Q-Exactive "classic") but not latest-generation mass spectrometers (e.g. Orbitrap Fusion, Q-Exactive-HF). Since these or similar instruments are widely used in the proteomics community, implementation of SP3 should empower many labs to handle quantity-limited samples in a routine fashion.
We conclude that the hanging drop culture system in combination with efficient sample preparation via SP3 represents an exciting new technology to study the human oocyte proteome and secretome. The ability to do so even for single cells opens the way to gain better insight into oocyte biology, female (in)fertility, and human preimplantation development in the future.
